Introduction
The anhydrous Group 13 metal fluorides MF 3 (M = Al, Ga or In) are inert polymeric solids and generally unreactive towards neutral ligands. This has hindered attempts to explore their coordination chemistry, hence very few adducts have been described. 1 3 ], 3 whilst the reaction of GaF 3 ·3H 2 O with 1,4,7-tris(2-amino-3,5-di-tert-butylbenzyl)-1,4,7-triazacyclononane (L) under reflux conditions in ethanol, followed by crystallisation from MeOH, afforded [GaF 3 (L)]·6MeOH, as an S 6 -symmetric MeOH hexamer. 4 Com-cyclononane, L′) to form fac-[MF 3 (L′)]·xH 2 O for each of aluminium, gallium and indium. 15 The compounds formed with Me 3 -tacn were found to crystallise as tetrahydrates, and extensive hydrogen bonding interactions between the water molecules of crystallisation and the coordinated fluorides were observed. An alternative method for the production of the metalfluoro complexes is to first synthesise the metal chloride analogue and then perform a halide exchange reaction using reagents such as Me 3 SiF or Me 3 SnF. For example, [AlF 2 ( py) 4 ]Cl was successfully formed from the reaction of [AlCl 3 ( py) n ] (n = 1 to 3) with Me 3 SiF in pyridine. 16 The use of aluminium 15 and gallium 17 fluoride complexes incorporating 18 F as a radiolabel, has attracted much recent interest as diagnostic imaging agents for PET ( positron emission tomography). Key to their potential clinical suitability is the ability to incorporate the short-lived 18 F isotope (t 1/2 = 110 min.) rapidly and cleanly in water; the resulting aluminium fluoride complexes are stable under physiological conditions, 15 while the gallium fluoride radio-product is stable in phosphate buffered saline (PBS) solution. 17 A fuller understanding of the coordination chemistry of these Group 13 fluorides is expected to contribute to advancing the design of the next generation of 18 F imaging agents.
Here we report on the systematic study of the preparation, spectroscopic and structural features of several series of complexes of the three Group 13 trifluorides with bi-and polydentate N-donor ligands, to explore the suitability of hydrothermal synthesis for other neutral ligands. The work also investigates the effect of replacing amine with neutral N-heterocyclic ligands, and introducing the mer-trifluoride geometry, rather than the fac geometry present in the [MF 3 (R 3 -tacn)] systems.
Experimental
The MF 3 ·3H 2 O (M = Al, Ga or In), GaCl 3 , 2,2′-bipyridyl, 1,10-phenanthroline, 2,2′:6′,2″-terpyridyl, 4,4′,4″-tris-t-butyl,-2,2′:6′,2″-terpyridyl ( t Bu 3 -terpy), and N,N,N′,N′,N″-pentamethyldiethylenetriamine (PMDTA), were obtained from SigmaAldrich or Alfa-Aesar and used as supplied. Solvents were dried by distillation prior to use, CH 2 Cl 2 and CH 3 CN from CaH 2 , hexane and toluene from sodium, THF from sodium benzophenone ketyl, methanol from magnesium/diiodine. All preparations of chloro-complexes were performed under an atmosphere of dry N 2 using Schlenk techniques and spectroscopic samples were prepared in a dry, N 2 -purged glove box. Hydrothermal preparations were conducted in a 23 mL Teflon reactor vessel placed in a Parr stainless steel bomb. 1 H NMR spectra were recorded in CD 3 OD on a Bruker AVII 400 spectrometer and referenced to the residual proton resonance. 19 F{ 1 H} NMR spectra were recorded in CD 3 OD on Bruker AVII 400 and DPX400 spectrometers, with CFCl 3 as external reference. 27 Al, 71 Ga and 115 In NMR spectra were recorded in CH 3 OH/ CD 3 OD on a Bruker AVII 400 NMR spectrometer and were referenced to [Al(OH 2 27 Al NMR (298 K): δ = 16.7 (br).
Microanalyses on several batches, which were pure by spectroscopic analysis (including the single crystals), consistently gave H and N content as expected, but very variable (low) C content for this complex. Slow evaporation of the reaction solvent gave crystals suitable for X-ray diffraction.
[GaF 3 
X-Ray experimental
Details of the crystallographic data collection and refinement parameters are given in Table 1 . Crystals suitable for single crystal X-ray analysis were obtained as described above. Data collections used a Rigaku AFC12 goniometer equipped with an enhanced sensitivity (HG) Saturn724+ detector mounted at the window of an FR-E+ SuperBright molybdenum (λ = 0.71073 Å) rotating anode generator with VHF Varimax optics (70 µm focus) with the crystal held at 100 K (N 2 cryostream). Structure solution and refinements were performed with either SHELX (S/L)97 or SHELX(S/L)2013 18 and were straightforward, except where detailed below. H atoms bonded to C were placed in calculated positions using the default C-H distance and refined using a riding model. 
Results and discussion
The unreactive and poorly soluble nature of the MF 3 ·3H 2 O makes reaction with neutral ligands in organic solvents difficult or impossible. We therefore used the hydrothermal approach (180°C/15 h) and found this gave high yields of [MF 3 (terpy)]·3H 2 O (below). The same approach was then extended to reactions with N,N,N′,N′,N″-pentamethyldiethylenetriamine (PMDTA), and to the diimines, 2,2′-bipyridyl and 1,10-phenanthroline.
[MF 3 (terpy)]·3H 2 O (M = Al, Ga or In)
The reaction of the MF 3 ·3H 2 O with terpy in a 1 : 1 molar ratio in water at 180°C/15 h, followed by removal of the solvent in vacuo at room temperature, gave high yields of the [MF 3 -(terpy)]·3H 2 O as pale orange solids. Slow evaporation of a small portion of the mother liquor at ambient temperatures gave crystals of [MF 3 (terpy)]·3H 2 O (M = Al or Ga). For M = Al, the structure shows ( Fig. 1 ) a distorted octahedral geometry about the aluminium, the distortions being largely due to the rigid terpy ligand which results in N-Al-N angles significantly less than 90°/180°, whereas the F-Al-F and (cis) F-Al-N angles are close to those expected for an octahedron. There is extensive H-bonding between the fluoride ligands and the lattice water molecules (Fig. 2) , as well as π-stacking of the aromatic rings (Fig. 3) .
The Al-F bond lengths are very similar to those observed in fac-[AlF 3 (Me 3 -tacn)]·4H 2 O, 15 but the Al-N bonds are shorter by ∼0.05 Å, suggesting the macrocyclic ring may limit the close approach of the N atoms to the metal centre. The molecular structure of [GaF 3 (terpy)]·3H 2 O is very similar to that of the Al(III) complex (Fig. 4) with the Ga-F bonds ca. 0.1 Å longer than the corresponding Al-F, whilst the Ga-N and Al-N are little different.
As found in the aluminium complex, the structure of [GaF 3 (terpy)]·3H 2 O shows extensive H-bonding as shown in . 20 The limited number of structurally characterised complexes of the trifluorides limits detailed comparisons, but it seems that the metaldonor bond length may be very sensitive to the electronegativity of the donor atom, with little difference between Al-L and Ga-L with heavier donor ligands and halides, 21 but significant differences in the M-F bond lengths. The effects of solvent molecules and hydrogen bonding also complicates the interpretation of small differences in metal-donor bond lengths, 19, 22 and these may be a significant factor in the extensively hydrogen bonded metal fluoride complexes. Interpretation of the spectroscopic properties (Experimental section) of the three terpy complexes is straightforward. The IR spectra show strong, very broad features due to the ν(OH) and δ(HOH) modes of the water and three ν(MF) stretches, as expected for a mer-trifluoride (theory 2A 1 + B 1 ). Hz, but for the gallium and indium complexes only broad singlets are observed over the temperature range 298-183 K.
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The aluminium complex also exhibited a 27 Al NMR resonance at δ = 16.7 as a broad singlet with no resolved 1 J AlF coupling, which is in the range expected for six-coordinate aluminium. 24 Neither the gallium nor indium complex exhibited a metal nucleus resonance, probably due to fast quadrupolar relaxation. The multinuclear NMR data show that the molecular structures of these complexes are maintained in MeOH solution. (Fig. 7) contains six-coordinate gallium, severely distorted from regular octahedral by the steric constraints of the terpy ligand (N1-Ga1-N3 = 153.85(10)°), and the fluoride bridges are asymmetric (Ga1-F1 = 1.889(2), Ga1-F1a = 2.003(2) Å). There is extensive hydrogen bonding linking the lattice water molecules, the cations and the [PF 6 ] − anions (Fig. 8) . The complex, formed by dissociation of one fluoride from each gallium centre, followed by dimerisation, dissolves in CD 3 OD with decomposition and formation of a white precipitate. which means the neutral bipy ligand is trans to OH 2 /F ( Fig. 9  and 10 ). as noted with the terpy compounds above, the more electronegative donors have the greatest differences. The corresponding bond lengths all increase in the indium complex as expected, but here the differences with donor type are less clear, with all showing an increase of ∼0.15-0.2 Å over the gallium analogue. In all of the complexes H-bonding to the lattice water and π-stacking of the aromatic rings is also evident (Fig. 11-13 and S2 ‡). Overall, the structural data reinforce earlier conclusions that trends in the bond lengths in comparable Al and Ga complexes often differ from those predicted on the basis of simple Lewis acidity in the gas phase; 22, [27] [28] [29] other factors, including the presence or absence of lattice solvent and hydrogen bonding also need to be considered. 13, 19, 21, 22 The effects are less noticeable at indium, where corresponding bonds are typically ∼0.2 Å longer than for Ga, reflecting the increased radius of the metal centre. Using the same hydrothermal route with 1,10-phenanthroline in place of 2,2′-bipyridyl, gave [MF 3 ( phen)(OH 2 )], notably without lattice water (in contrast to the terpy and bipy complexes above). The structure of crystals of [GaF 3 ( phen)(OH 2 )] is shown in Fig. 14 , and the [InF 3 ( phen)(OH 2 )] is isomorphous.
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Corresponding bond lengths are again ∼0.15-0.20 Å longer for the indium complex. The [GaF 3 ( phen)(OH 2 )] also shows π-stacking of the aromatic rings (Fig. S3 ‡) and intermolecular F⋯H hydrogen bonding, in this case involving the coordinated water molecules (Fig. 15) .
The IR spectra of the [MF 3 ( phen)(OH 2 )] complexes show quite weak features due to ν(OH) and δ(HOH), whereas in the hydrated [MF 3 (bipy)(OH 2 )]·2H 2 O the corresponding features are much stronger and show several overlapping bands. In the cases of the gallium and indium reactions, a few crystals of the same cation were obtained as the chloride salt, from traces of chloride in the reaction. The structure of [⊂Me 2 N-(CH 2 ) 2 NMe(CH 2 ) 2 ]Cl has been reported previously 31 − as the only significant species. The contrast between the instability of PMDTA and the robust Me 3 -tacn which has similar groups in these Group 13 fluoride reactions may be due to the ring structure of the latter preventing close approach of an amine function polarised by coordination to the metal, to the next CH 2 NMe unit, which is presumably the first stage in C-N bond fission and formation of the small ring.
Conclusions
Hydrothermal synthesis using MF 3 ·3H 2 O as the metal source has been shown to be a convenient method to form a range of complexes of the otherwise rather intractable Group 13 trifluorides with nitrogen heterocycles in high yield. X-Ray crystallographic studies show all of the new complexes contain a mer arrangement of fluorides, contrasting with the fac geometry present in the triaza-macrocyclic complexes 15 reported previously. Extensive H-bonding and π-stacking networks are present in the complexes of all three imines with the three metal ions, although the details differ. These studies significantly extend the known coordination chemistry of the Group 13 trifluorides. The relatively high stability of the trifluoride complexes contrasts with the moisture sensitivity of complexes of the Group 13 elements with heavier halides. However, this work has also shown that unlike [ Future work will aim to establish whether the hydrothermal approach is also suitable for oxygen donor ligands and whether soft donor ligands such as thioethers or phosphines can form complexes with the Group 13 fluorides.
